Purpose: To compare a novel multicoil compressed sensing technique with flexible temporal resolution, golden-angle radial sparse parallel (GRASP), to conventional fat-suppressed spoiled three-dimensional (3D) gradient-echo (volumetric interpolated breath-hold examination, VIBE) MRI in evaluating the conspicuity of benign and malignant breast lesions. Materials and Methods: Between March and August 2015, 121 women (24-84 years; mean, 49.7 years) with 180 biopsy-proven benign and malignant lesions were imaged consecutively at 3.0 Tesla in a dynamic contrast-enhanced (DCE) MRI exam using sagittal T1-weighted fat-suppressed 3D VIBE in this Health Insurance Portability and Accountability Act-compliant, retrospective study. Subjects underwent MRI-guided breast biopsy (mean, 13 days [1-95 days]) using GRASP DCE-MRI, a fat-suppressed radial "stack-of-stars" 3D FLASH sequence with golden-angle ordering. Three readers independently evaluated breast lesions on both sequences. Statistical analysis included mixed models with generalized estimating equations, kappa-weighted coefficients and Fisher's exact test. Results: All lesions demonstrated good conspicuity on VIBE and GRASP sequences (4.28 6 0.81 versus 3.65 6 1.22), with no significant difference in lesion detection (P 5 0.248). VIBE had slightly higher lesion conspicuity than GRASP for all lesions, with VIBE 12.6% (0.63/5.0) more conspicuous (P < 0.001). Masses and nonmass enhancement (NME) were more conspicuous on VIBE (P < 0.001), with a larger difference for NME (14.2% versus 9.4% more conspicuous). Malignant lesions were more conspicuous than benign lesions (P < 0.001) on both sequences. Conclusion: GRASP DCE-MRI, a multicoil compressed sensing technique with high spatial resolution and flexible temporal resolution, has near-comparable performance to conventional VIBE imaging for breast lesion evaluation. Level of Evidence: 3 Technical Efficacy: Stage 3 J. MAGN. RESON. IMAGING 2017;45:1746-1752 D ynamic contrast-enhanced (DCE) breast MRI requires an inherent tradeoff between spatial and temporal resolution, which usually results in loss of important temporal wash-in kinetic information.
D
ynamic contrast-enhanced (DCE) breast MRI requires an inherent tradeoff between spatial and temporal resolution, which usually results in loss of important temporal wash-in kinetic information. 1 Conventional DCE sequences are, therefore, optimized for high spatial resolution but low temporal resolution based on the limitations of current DCE-MRI. As invasive carcinomas and high-grade ductal carcinoma in situ (DCIS) are more likely to demonstrate fast initial uptake of contrast immediately after contrast injection, [1] [2] [3] [4] sequences that can simultaneously optimize spatial and temporal resolution may have higher detection of these rapidly enhancing and potentially biologically significant lesions. [5] [6] [7] A previously described DCE-MRI method known as golden-angle radial sparse parallel (GRASP) uses a combination of compressed sensing and parallel imaging to acquire simultaneous high spatial and temporal resolution. [8] [9] [10] The GRASP technique exploits joint multicoil sparsity techniques to allow continuous acquisition of dynamic information before, during, and after contrast agent injection. During image reconstruction, data are sorted into sequential timeframes and then reconstructed using highly undersampled data in a multicoil compressed sensing iterative method. [8] [9] [10] The same dataset can be grouped after acquisition into time frames at any desired temporal reconstruction, to a resolution of as low as 2.5 s per frame, resulting in highly flexible retrospective analysis that offers higher robustness to respiratory motion and flow Previous use of GRASP DCE-MRI has resulted in high image quality for body, breast and head/neck imaging, [8] [9] [10] [11] [12] [13] [14] with similar or slightly lesser lesion conspicuity noted in many of these. 11, 12, 14 Kim et al evaluated breast image quality for benign and malignant lesions, demonstrating high image quality as assessed both qualitatively and quantitatively. 9 In this study, semi-quantitative analysis of breast lesions demonstrated increased K trans values for malignant lesions at high temporal resolutions, suggesting that while general quantitative parameters (such as initial enhancement ratio) are preserved, some pharmacokinetic model-derived values may be less accurate in low temporal reconstructions. 9 Breast GRASP DCE-MRI potentially offers both high spatial resolution and semi-quantitative analysis after minimal offline processing time. GRASP thus shows promise as one of the few compressed sensing techniques reported in the literature for breast evaluation 8, 9, [15] [16] [17] [18] ; none of these have been used to clinically evaluate breast lesions. Although other high temporal and spatial resolution sequences (TWIST 19, 20 , UF-MRI 21 have been used in assessing breast lesions, GRASP has not yet been tested in clinical practice for evaluation of breast lesion conspicuity, a necessary precursor to incorporating it into diagnostic protocols. The purpose of our study was, therefore, to evaluate conspicuity between a fat-suppressed spoiled three-dimensional (3D) gradient-echo sequence (volumetric interpolated breathhold examination, VIBE) and GRASP DCE-MRI for benign and malignant lesions.
Materials and Methods

Patients
This Health Insurance Portability and Accountability Actcompliant retrospective study was performed with approval from our Institutional Review Board and waived informed consent. One hundred twenty-one women (ages, 24-84 years; mean, 49.7 years) with 180 biopsy-proven benign and malignant lesions were consecutively imaged between March and August 2015. All women underwent initial diagnostic breast MRI on followed by MRIguided breast biopsy using GRASP within approximately 30 days (average 13 days; range, 1-95 days; median 9 days) of the initial study. Final surgical excisional pathology with tumor markers was available on all malignant lesions. All benign lesions were either core needle biopsy-proven or benign at final surgical excision.
MRI Technique
Diagnostic MRI was performed in all patients on 3. Image Reconstruction VIBE DCE-MRI was reconstructed in-line using standard image reconstruction methodology. GRASP images were reconstructed as previously described, using a radial version of the multicoil k-t SPARSE-SENSE method for radial k-space data. [8] [9] [10] Coil sensitivity maps are first estimated from the multicoil static image that results from applying a nonuniform Fast Fourier Transform (NUFFT) to all acquired spokes. An undersampled image time series is the formed by grouping consecutive spokes into temporal frames. The final step in reconstruction is to run an iterative algorithm, which enforces joint multicoil sparsity constrained by data consistency. At each iteration, the reconstruction algorithm will enforce sparsity to the temporal difference between consecutive frames and make sure that is operation is consistent with the data acquisition model. Temporal differences are expected to be sparse because only the regions with contrast enhancement will show distinct intensities between consecutive frames and most of the pixels will have similar intensity. The sparsity enforcement operation is applied to the coil combined image, and thus the name of multicoil sparsity. This effectively exploits correlations between coils and thus improves performance. This process is initiated by the technologist at the workstation; images are processed offline by a custom-developed C1 1 program which reads the raw k-space data and sends DICOM images directly to our picture archive and communications system (PACS). High or low temporal resolution can be chosen at any time after acquisition using the standalone program. For this approach, 55 consecutive spokes were grouped into each dynamic frame, providing a total of 35 frames with temporal resolution of 8.3 s. 9 These images are processed and available for the radiologists' review within 20-25 min of acquisition. Higher temporal resolutions require 30-90 min reconstruction time.
Image Analysis
Three breast imagers (R1, 5 years; R2, 2 years; R3, 6 years) independently evaluated all lesions at the second postcontrast time point on VIBE and the 21 st frame of GRASP images (i.e., both images for 180 s post injection) while blinded to lesion pathology. Readers rated VIBE or GRASP images in randomized order independently for each lesion, with at least 2 weeks separation between reads. When evaluating images, readers rated conspicuity on a 1-5 point scale (from 1 5 poor to 5 5 excellent), and shape, morphology, and internal enhancement for masses and nonmass enhancement (NME) per MRI Breast Imaging Reporting and Data System (BI-RADS) criteria, 22 including BI-RADS assessment. As readers were aware all lesions underwent biopsy, they gave a BI-RADS assessment limited to BI-RADS Category 4: Suspicious or BI-RADS Category 5: Highly suggestive of malignancy. BI-RADS 4 categories were divided further into 4A (>2% to 10% likelihood of malignancy), 4B (>10% to 50% likelihood of malignancy) and 4C (>50% to < 95% likelihood of malignancy. 22 Due to the limitations of assessing temporal kinetic data during breast biopsy compression, kinetic curve washout data were reviewed retrospectively for lesions on VIBE images alone.
Statistical Analysis
To account for the complex correlation structure resulting from some patients having multiple lesions and all lesions being evaluated by three independent readers using both sequences, a mixed model approach was used to compare sequences or lesion types in terms of reader conspicuity scores. The model included sequence (GRASP, VIBE) and reader as fixed classification factors. Interaction terms were tested to assess whether the difference between lesion types in terms of conspicuity scores depended on the sequence; equivalently, whether the difference between sequences depended on the lesion type. Logistic regression for correlated data was used to compare sequences in terms of the percentage of lesions classified as having each level of the features of shape, margin, internal enhancement and BI-RADS assessment. Specifically, a generalized estimating equation (GEE) based on binary logistic regression was used to model the binary indicator of whether or not a lesion was assigned to each level of each feature as a function of reader and sequence. For the mixed model and GEE analyses, the correlation structure was modeled by incorporating indicator variables identifying the patient and lesion within patients associated with each score into the model as random classification factors.
As a result, model errors were assumed to be independent when associated with different patients and correlated when associated with the same patient with the correlation stronger among errors associated with the same lesion in patients with multiple lesions. All statistical tests were conducted at the two-sided 5% significance level using SAS 9.3 (SAS Institute, Cary, NC). When the analysis involved the pairwise comparison of multiple levels of a given feature, P values adjusted according to the Tukey HSD multiple correction procedure are also provided. Fisher's exact test was used to assess binary outcomes per reader.
Simple and linear weighted kappa coefficients were used to assess reader agreement with respect to the binary measure (margin) and ordinal outcomes (conspicuity, BI-RADS), respectively.
Results
The average patient age was 49.7 years (range, 24-84 years). Fifty-four of 121 (45%) were postmenopausal, 5/121 (4%) were on continuous oral or intrauterine contraceptives, and 62/121 (51%) were premenopausal. Of the 62 premenopausal women, 19/62 (31%) had both the original diagnostic MRI and biopsy MRI at optimal menstrual cycle time (i.e., week 2), 15/62 (24%) had both outside of week 2, and 23/62 (37%) had one MRI exam outside of week 2. Five of 62 (8%) did not have a recorded last menstrual period for at least one exam. Patients underwent MRI for determining extent of disease (72/121; 60%), elevated risk (30/121; 25%), problemsolving (12/121; 10%), or follow-up of BI-RADS three lesion on prior MRI (7/121; 6%).
Ninety-one lesions were benign (91/180; 50.6%; Table 1 ) and 89/180 (49.4%) were malignant. The predominant malignant pathology was intermediate grade invasive ductal carcinoma ( Table 2 ). The median BI-RADS assessment for both GRASP and VIBE lesions was 4B.
Readers found both GRASP and VIBE to have overall adequate lesion conspicuity, with reader 1 identifying all lesions on both sequences, reader 2 identifying all but one benign (fibrocystic change, FCC) and one malignant lesion (intermediate grade DCIS) on GRASP, and reader 3 identifying all but one benign lesion (FCC) on GRASP. This was not statistically significant between sequences (P 5 0.24). One additional lesion (low grade DCIS) was not seen by reader 3 on either GRASP or VIBE. However, VIBE had slightly higher lesion conspicuity (4.28 6 0.81) than GRASP (3.65 6 1.22) for all lesions and all readers (Figs. 1 and 2) , with lesions rated 12.6% (0.63/5.0) more conspicuous on average (P < 0.001) ( Table 3 ). This association held true when evaluating benign lesions alone, malignant lesions alone, masses alone, and NME alone for each reader (P 0.023). Although both masses and NME were more conspicuous on VIBE than on GRASP (P < 0.001), this difference was more apparent for NME (14.2% more conspicuous versus 9.4% more conspicuous). Overall, masses were 16.8% more conspicuous than NME (P < 0.001) and malignant lesions were more conspicuous than benign lesions (P < 0.001) ( Table 4) .
As BI-RADS assessment increased from 4A to 5, there was a significant increase in overall lesion conspicuity scores (P < 0.001), VIBE conspicuity scores (P < 0.001) and GRASP conspicuity scores (P < 0.001). A similar relationship was seen with kinetic curve type as assessed on VIBE (from Type 1 to Type 3) and increasing lesion conspicuity (P < 0.015). For enhancement type, both masses and NME demonstrated increased lesion conspicuity for heterogeneously enhancing lesions compared with homogenously enhancing lesions (P < 0.001), but not for any other enhancement type 
Discussion
Although GRASP has been previously used to evaluate breast image quality, 9 no prior studies have evaluated the use of this or any other compressed sensing technique in a clinical breast assessment. In this study, we compared GRASP lesion conspicuity as evaluated by experienced breast imagers to that of conventional VIBE imaging, and found no statistical difference in lesion detection, with a small but statistically significant difference in lesion conspicuity between the two sequences. This held true for both masses and NME, which may reflect the expected technical limitation of using compressed biopsy images to test GRASP. 23 Benign lesions display a slower wash-in of contrast, 2,4,7 which was reflected by an overall lower lesion conspicuity compared with malignant lesions. Although lesions were more conspicuous as both BI-RADS assessment and temporal kinetic curve increased, there was no association between tumor grade and conspicuity on either sequence. Our results are similar to those seen in the evaluation by Chandarana et al of liver image quality and morphology using GRASP, 11 which demonstrated lower image quality in the early arterial and portal venous phases and decreased liver morphology conspicuity compared with VIBE. In the study by Chandarana et al, image quality of GRASP images was nonetheless considered to be sufficient diagnostic quality for routine use, with overall decreased motion artifact compared with VIBE. In our study, readers similarly found a small but significant decrease in lesion conspicuity in breast GRASP images with no significant difference in lesion detection between GRASP and VIBE, suggesting that GRASP has sufficient image quality for diagnostic breast imaging. This is an important preliminary step before optimization of the reconstruction algorithm for GRASP and introduction of routine semiquantitative analysis. The initial assessment by Kim et al of varying GRASP temporal resolutions and regularization factors demonstrated good to excellent breast image quality at the same parameters used in our study. 9 Additional abdominal and head/ neck studies 12, 14 have also demonstrated equal or higher image quality for GRASP compared with VIBE. While we did not compare semi-quantitative kinetics due to the low temporal resolution of the VIBE sequence used and the effects of biopsy compression, other studies of high temporal resolution sequences have shown that adding semi-quantitative analysis to diagnostic breast MRI at the time of interpretation increases sensitivity and specificity. 19, 21, 24 Prior high temporal resolution studies have shown that malignant lesions have early arterial enhancement that occurs before parenchymal enhancement and is not captured at standard temporal resolutions. 21, 25 Notably, Pineda et al demonstrated that initial slope was six times steeper for malignant lesions in the first 60 s postcontrast injection, 21 Mann et al showed that high temporal resolution kinetic curves were more accurate than standard resolution temporal kinetic curves in distinguishing malignant from benign lesions, 19 and Tudorica et al demonstrated that using a high temporal resolution K trans cutoff value had 91% specificity and 100% sensitivity in evaluating mammographically visible lesions. 20 These prior studies suggest that use of high temporal and spatial resolution sequences will allow simultaneous morphologic and semi-quantitative analysis of breast lesions, potentially compensating for any minimal and possibly artifactual difference in lesion conspicuity. There are several limitations to this study. Like Kim et al, we did not directly compare image quality between GRASP and VIBE sequences 9 because lesion conspicuity is more relevant to clinical workflow. Our decreased lesion conspicuity using GRASP likely reflects the increased slice thickness used in our biopsy protocol (2 mm versus 1 mm in VIBE) and the use of compression during biopsy, which can reduce both size and conspicuity. 23 A 1 mm slice thickness is technically feasible using GRASP and could be easily incorporated into a full GRASP diagnostic protocol in the future; a 2 mm slice thickness was used for biopsy images to adhere to American College of Radiology MRI-guided biopsy guidelines. 26 An inherent limitation of our study was evaluating lesions at the same postcontrast imaging time point given the difference in technique.
As VIBE acquires the center of k-space at the midpoint of the total acquisition time (180 s postinjection) but GRASP acquires the center of k-space in every radial spoke, we evaluated the higher temporal resolution GRASP images at the time point that corresponds to the VIBE acquisition midpoint. The use of a compressed sensing technique also limited objective measurement of image quality, as both signal-to-noise and contrast-to-noise ratios can be arbitrarily changed by the regularization method used. Due to this and the lack of consensus on image quality measures for lesion conspicuity, we chose to evaluate quality subjectively using three experienced breast imagers. A final limitation of our study was the inability to image patients same day with both GRASP and VIBE sequences. However, although breast lesions may be less conspicuous when imaged outside of week two of the menstrual cycle, [27] [28] [29] the majority of our patients were either postmenopausal, on continuous hormonal contraceptives, or imaged within the optimal second week after the last menstrual period for both exams.
In conclusion, GRASP DCE-MRI, a multicoil compressed sensing technique, has lower lesion conspicuity than VIBE DCE-MRI imaging for characterization of breast lesions but no significant difference in lesion detection. Given the similar image quality between these two sequences demonstrated in prior studies, this minor difference likely reflects the limitations of the GRASP biopsy protocol rather than a true clinical disadvantage. This study is, therefore, an important step closer to incorporating GRASP into real-time clinical imaging. We anticipate that future use of GRASP DCE-MRI in clinical practice will allow for diagnostic quality high spatial resolution with flexible temporal resolution and semi-quantitative analysis.
